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The scientific development of innovative molecular techniques has transformed the approach 
towards human identification. In forensic casework, the emergence of molecular 
phenotyping, or phenotypic prediction from DNA, has mitigated some challenges involving 
the unavailability of references samples for traditional forensic DNA analysis.  Molecular 
phenotyping via SNP analysis can be used as a tool in a forensic setting to predict physical 
traits, such as hair, skin and eye colour, and provide investigative leads. Several ancestry 
informative markers (AIMs) have previously been associated with human skin colour in 
mainly the European and North American population groups, while admixed populations are 
hardly studied. The present study aims to contribute towards this gap by investigating the 
relationship between two AIMs (SLC45A2, rs16891982 and SLC24A5, rs1426654) that are 
typically involved in molecular phenotyping, and melanin index (MI) in the South African 
(SA) metapopulation (n = 389). The self-reported ancestry, ethnicity and relevant biographic 
information for each participant was documented and MI was recorded using a derma-
spectrophotometer. DNA was extracted from saliva samples and PCR amplification of target 
regions was performed. Thereafter, SNaPshot® PCR was used to genotype the variants. 
Significant differences (p < 0.0001) were observed between MI readings and ancestral as well 
as population census groups. A generalised linear model (GLM) was developed which could 
accurately predicted the MI readings for each genotype combination within the 95 % 
confidence interval of the recorded MI readings. Our results suggest that these two markers 
were consistently associated with MI in the admixed SA population and are thus informative 
to predict MI in a forensic setting. Finally, this was the first study in a SA context to use SNP 
analysis for objective MI prediction.  
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Chapter 1: Introduction and literature review 
1.1 Introduction 
Over recent years, scientific advancements in molecular techniques have contributed to a 
paradigm shift in forensic identification (Walsh 2005). These advancements in genetic 
analysis have broadened our knowledge of genetic concepts which provides a basis to convey 
beneficial information within a forensic context. The application of these molecular 
techniques has become a focal point in mitigating the issues of human identification (Walsh 
2005).  
Forensic deoxyribonucleic acid (DNA) analysis has revolutionised the approach towards 
human identification, as it has been internationally recognised as the golden standard for 
identifying individuals (Kayser 2015). The use of genetics in forensic science has allowed 
DNA analysis to (i) identify or exclude a known suspect; (ii) link potential suspects, victims 
or witnesses to a crime scene; (iii) identify missing individuals/unidentified human remains; 
and (iv) perform kinship analysis (Kayser and Schneider 2009). Furthermore, the relatively 
recent discovery of molecular markers that are associated with external physical features and 
ancestry have enhanced DNA analysis to generate new investigative leads to identify 
potential suspects and assist with victim identification whereby the individual is beyond 
visual recognition (Kayser and Schneider 2009).  
The estimation of externally visible characteristics (EVCs), or molecular phenotyping, is 
thought to be of value in a diverse population such as that in South Africa (SA); however, the 
local relevance of this technique needs to be assessed and placed into the SA context. Thus, it 
is vital to evaluate the discriminatory power of known molecular markers within the SA 
population while also addressing the ethical, social and legal implications that overshadow 
this forensic tool (Slabbert and Heathfield 2018).  
1.2 Human identification 
1.2.1 Forensic DNA profiling  
 1.2.1.1 Principle  
DNA profiling is globally considered a common forensic tool used for human identification 
(Butler 2010; Walsh 2005). The principle of this technique involves assessing a DNA profile 
of a unknown individual compared to a DNA profile from a known origin (Kayser 2015). 
2 
 
This allows for a comparative analysis of genetic data between biological material found at 
the scene and potential victims or suspects.  The biological material which is used for genetic 
analysis includes, but is not limited to, bodily fluids, skin tissue and buccal cells, hair and  
bones (Butler 2010). 
Comparative genetic analysis can be achieved because DNA is comprised of a number of 
specific regions that are found abundantly across the genome, called short tandem repeats 
(STRs), which have a high degree of variability between individuals (Butler 2010). STRs that 
are associated with forensic DNA profiling are located in the non-functional portion of the 
DNA that comprises of intronic regions (non-coding) that do not encode protein sequences. 
The variation in the STR sequences is attributed to the frequency at which the base pair (bp) 
motif replicates itself consecutively at a particular locus. A STR genotype is based on the 
number of repeated motif units of the alleles detected at a locus. The combination of several 
STR genotypes forms a DNA profile, which can assist in human identification (Butler 2010).  
1.2.1.2 Limitations  
Although forensic DNA profiling is globally considered a common practice for investigative 
purposes (Singh 2011; Gans and Urbas 2002), the practicality of this technique can be limited 
by the absence of a reference profile. This may include no matches to a national DNA 
database of DNA profiles, the absence of suspects or living relatives, or the unavailability of 
biological references samples from missing individuals (Kayser 2015; Kayser and Schneider 
2009). 
The challenges associated with forensic DNA profiling has prompted an emphasis on 
expanding research into predicting externally visible traits of an individual based on genetic 
analysis of biological material (Kayser and Schneider 2009; Walsh et al. 2014). 
1.2.2 Single nucleotide polymorphism (SNP)-based forensic identification 
Apart from STR-based DNA analysis, another form of genetic variation, known as SNPs, 
could play a fundamental role in human identification (Amorim and Pereira 2005). SNPs are 
single bp variants which occur at specific sites in the genome (Butler 2010). SNPs represent 
the most common form of genetic variation with an estimate of five million SNPs located in 
an individual’s genome (Sobrino, Brión, and Carracedo 2005). The advantages and 
disadvantages of using SNPs as a primary identification tool in forensics have been widely 
debated as previously reviewed by Butler, Coble, and Vallone (2007). Taking into 
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consideration that the shortcomings of SNPs currently outweigh its benefits, SNPs are not 
ready to supersede STRs as the mainstay for markers in forensic identification, but it is highly 
recommended that SNP analysis should supplement STR analysis (Butler, Coble, and 
Vallone 2007; Gill et al. 2004).  
1.2.2.1 Molecular phenotyping 
Although SNPs may not replace STRs as the principal forensic molecular markers in human 
identification applications, they can potentially play a beneficial role in niche applications 
such as molecular phenotyping (Butler, Coble, and Vallone 2007). SNPs can alter gene 
expression resulting in phenotypic differentiations which forms the basis of molecular 
phenotyping. This technique is used to predict observable physical traits of an individual 
through analysis of informative phenotypic SNPs (Kayser 2015; Kayser and Schneider 2009; 
Kidd et al. 2006; Budowle and Van Daal 2008). The analysis of informative SNPs can be 
valuable in a forensic setting to provide an investigative lead to a suspect as well as assist 
with victim identification (Kayser and Schneider 2009; Jobling and Gill 2004).  
According to the 2018 Crime Statistics for South Africa, the total number of unnatural deaths 
in SA was 522 157, with more than 1 400 missing person cases reported to the South Africa 
Police Services (SAPS) (Department of Police 2018). In addition, data for an 8-year period at 
Salt River Mortuary, Cape Town, SA indicated 9 % of all cases were unidentified after initial 
investigation (Reid, Martin, and Heathfield 2019). These alarming statistics signify the 
importance of utilising molecular phenotyping in forensic practice whereby victim 
identification is not possible due to extensive decomposition, burning or skeletonisation. 
SNPs influence the EVCs of an individual which comprise of, inter alia, hair, skin and eye 
colour, dimpling and freckling (MacLean and Lamparello 2014). Forecasting an individual’s 
phenotype is based on inference made by determining the likelihood of certain traits being 
expressed instead of another (Castel 2014). This concept has prompted the development of 
various SNP assays such as IrisPlex, HIrisPlex and HIrisPlex-S (Walsh et al. 2011a, 2014; 
Chaitanya et al. 2018). The IrisPlex assay is a robust and sensitive SNaPshot®-based eye 
colour prediction tool (blue and brown) which comprises six highly informative eye colour 
SNPs (Walsh et al. 2011a, 2011b). This prediction tool was successfully utilised with a high 
degree of accuracy across the Western populations (Purps et al. 2011; Walsh et al. 2011b; 
Walsh et al. 2012; Dario et al. 2015) and highly admixed populations (Freire-Aradas et al. 
2014; Hohl et al. 2018; Prestes et al. 2011). The IrisPlex assay has been validated for use in 
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criminal cases (Walsh et al. 2011b). For example, Hollard et al. (2017) utilised the IrisPlex 
system to predict brown eye colour for a decedent with extensive charring of the body as a 
result of fire with 95 % probability (Hollard et al. 2017).  
Additionally, a well-established phenotypic SNP assay known as HIrisPlex was developed 
which consists of 23 SNPs (including the six IrisPlex SNPs) and an insertion/deletion 
(INDEL). The HIrisPlex system can predict eye and hair colour and is considered an 
improvement from the IrisPlex as it demonstrates greater sensitivity (Walsh et al. 2014; 
Chaitanya et al. 2018). The HIrisPlex assay has successfully been used on ancient DNA 
samples, wherein it was utilised to assist in victim identification, by ascertaining the EVCs, 
of Jörg Jenatsch, a freedom fighter assassinated in 1639 (Haeusler et al. 2016). Chaitanya et 
al. (2017) applied HIrisPlex to retrieve information about EVCs from remains of World War 
II victims while Draus-Barini et al. (2013) used this assay to verify the hair and eye colour of 
a World War I general, Władysław Sikorski (Chaitanya et al. 2017; Draus-Barini et al. 2013). 
Recently, the development of the HIrisPlex assay resulted in the introduction of the 
HIrisPlex-S assay which included 17 skin colour predictive SNPs (Chaitanya et al. 2018).  
Similarly, the advancement in scientific technology has allowed for the development of a 
comprehensive DNA phenotyping system known as Parabon® SNaPshot® DNA Analysis. 
This system is utilised by the United States of America (USA) and accurately predicts hair, 
skin and eye colour; genetic ancestry; freckling and face shape (https://snapshot.parabon-
nanolabs.com/#phenotyping; accessed 5th March 2019). Parabon® SNaPshot® has been 
involved in more than 80 published law enforcement investigations. Some featured cases 
include the murders of Shaquana Caldwell and Rhonda Blankinship, where molecular 
phenotyping assisted in the identification of severely decomposed human skeletal remains in 
the first case as well as provided an investigative lead for a new suspect in the latter case 
(https://snapshot.parabon-nanolabs.com/snapshot-case-summary--anne-arundel-county-md--
shaquana-caldwell-murder.html; accessed 5th March 2019).   
1.2.2.2 Biogeographical ancestry (BGA) inference  
The controversy surrounding the use of ethnic categories in biomedical research and forensic 
casework remains heightened, particularly in South Africa (Caulfield et al. 2009; Gannett 
2014). The term BGA was coined and is perhaps a more appropriate concept in forensic 
casework and research. Ancestry can be defined as the genetic inheritance carried by 
ancestors over generations from population groups that have inhabited similar provenance 
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(Phillips 2015). BGA inference centres around the analysis of markers with distinctive allele 
frequencies amongst populations, that can indicate an individual’s ancestral origin from a 
specific geographical region (Phillips 2015). Many forensic scientists emphasise that BGA 
pertains to the ancestral geographical origin rather than the EVC’s of individuals and is 
dissimilar to race (Kayser and Schneider 2009). However, there is a general misconception 
amongst the public and non-specialists whereby they translate BGA into a social language of 
identity or race. BGA was introduced to rather strengthen eyewitness reports by minimising 
bias. BGA inference has a broad range of applications in a forensic setting which have been 
carefully reviewed by Phillips (2015). 
The primary objective for BGA inference is to assist in generating a ‘composite profile’ of an 
individual for investigative purposes and to identify unknown samples in forensic cases 
(Budowle and Van Daal 2008; Gannett 2014). Although forensic STR markers have been 
utilised to predict BGA (D’Amato and Kasu 2017), they are less suited for this analysis due 
to its high degree of allele-sharing among various population groups (Budowle and Van Daal 
2008). In contrast, certain SNPs are conserved in populations groups due to its low mutation 
rate, low heterozygosity and high fixation index allowing for certain variants to be fixed in a 
population (Budowle and Van Daal 2008; Phillips 2015). SNPs that are conserved in different 
populations and differ between populations provide a platform to potentially distinguish 
ancestral origins (Bamshad et al. 2004; Romanini et al. 2015).  
SNPs that have the ability to infer BGA are known as ancestry informative markers (AIMs) 
(Shriver and Kittles 2004). Based on the AIMs’ ability to exhibit allele-frequency variations 
among populations, the likelihood of alleles representing a specific biogeographical 
population can be determined (Giardina et al. 2008). Owing to this, it can be deduced as to 
whether DNA is consistently associated with a specific ancestral population group. To date, a 
vast number of AIM-sets have been generated, through  which specific panels have been 
identified as forensically relevant (Phillips et al. 2007, 2013; Santos et al. 2016; Daca-Roszak 
et al. 2016; Puente et al. 2016).  
The use of AIM panels to infer BGA has been successfully applied in forensic cases. The 
DNAWitness kit, containing a 73-AIM panel, played a significant role in assisting the 
Louisiana Homicide Task Force to apprehend a Louisiana serial killer, Derrick Todd Lee 
(Budowle and Van Daal 2008). The BGA inference (85% African and 15% Native American) 
along with the EVC prediction contributed towards positively identifying the suspect. Sun et 
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al. (2017) utilised a 27-AIM panel to infer BGA in order to resolve a forensic case involving 
skeletal remains located in south-west China. It was theorised that the skeletal remains 
located within the aircraft debris were supposedly linked to a foreign aviator who crashed in 
World War II. The results showed that the major ancestral component was European (97.6%) 
thus, confirming their theory (Sun et al. 2017). Lastly, the SNPforID 34-plex assay was 
successfully applied for ancestral analysis in the 2004 11-M Madrid train bombings. Phillips 
et al. (2009) utilised this assay to assign BGA from unmatched DNA case samples retrieved 
from possible locations in Madrid that were linked to the suspects (Phillips et al. 2009). The 
BGA for the majority of the samples were of North African and European origin. The BGA 
prediction of the suspect’s ancestral origin assisted law enforcement in the criminal 
investigation (Phillips et al. 2009).  
The discovery of SNPs as potential AIMs in the forensic field needs to be consistently 
evaluated so as to enhance the prediction models and improve their significance in different 
populations (Kidd et al. 2006). The analysis of AIMs has been extensively studied in the 
Western population (Sulem et al. 2007;  Pakstis et al. 2008, 2010); however,  the use of these 
AIMs in admixed populations has not always been informative, prompting the need for 
further research (Freire-Aradas et al. 2014; Halder et al. 2008; Kosoy et al. 2009; Tian et al. 
2006; Stokowski et al. 2007; Valle-Silva et al. 2019).  
AIMs that have been established through SNP association with EVCs such as skin colour 
have demonstrated significant discriminatory power in some populations (Han et al. 2008; 
Lao et al. 2007); however, their practicality within admixed populations remains unclear. 
Walsh et al. (2017) identified 36 highly informative AIMs for skin pigmentation prediction 
on a global scale (Walsh et al. 2017). Of the 36 AIMs identified, Cerqueira et al. (2014) 
found that only two AIMs exhibited a potential association with skin pigmentation for 
admixed populations in Brazil (Cerqueira et al. 2014). The two AIMs mentioned by 
Cerqueira et al. (2014) have also been discovered to exhibit significant association with skin 
pigmentation in admixed Latin American (Adhikari et al. 2019) and African-European 
populations (Beleza et al. 2013; Hernandez-Pacheco et al. 2017; Llyod-Jones et al. 2017). 
These two AIMs play a role in skin pigmentation prediction and occur within two solute 
carrier family genes, namely SLC45A2 and SLC24A5 (Maroñas et al. 2015). The 





Table 1.1 The characteristics of the two AIMs that appear to play a role in skin colour 




The sequence variation c.1122C > G  in SLC45A2 (rs16891982) plays a role in skin 
pigmentation and is associated with light skin European descent (Soejima and Koda 2007). 
This AIM is associated with the membrane-associated transporter protein (MATP) coding 
region of SLC45A2 which encodes a transporter protein that regulates melanin synthesis 
(Cook et al. 2009; Tsetskhladze et al. 2012). The second variant, c.331G > A in SLC24A5 
(rs1426654), also influences skin pigmentation and can infer BGA for European, African or 
Asian individuals (Crawford et al. 2017; Lamason et al. 2005). It was suggested that the 
functional role of this AIM affects human melanogenesis through cation-exchange activity 
(Lamason et al. 2005; Ginger et al. 2008; Sturm 2006). 
1.2.3 Skin pigmentation 
The high degree of variation in skin pigmentation between individuals of different genetic 
ancestries renders it as one of the most distinguishable human traits (Sturm 2009). The 
complex biological pathways and environmental adaptations are the underlying factors that 
contribute to skin pigment variation (Lin and Fisher 2007). More than 125 genes have been 
identified to associate with human pigment phenotype; however, only a dozen of them have 
been successfully characterised (Tully 2007).  
The human pigmentary pathway is reliant on the production of a biopolymer known as 
melanin (Sturm, Teasdale, and Box 2001; Rees 2003). The production of melanin is 
characterised by a complex biochemical process known as melanogenesis (Branicki 2009). 
Melanin is produced by melanocytes which are specialised neural crest cells located  at the 
base of the epidermal skin layer (Rees 2003). Melanin can be classified into two principal 
classes: eumelanin (black or brown pigment) and pheomelanin (yellow or red pigment) (Rees 
2003). The various pigmentary phenotypes are defined based on the arrangement of 
melanocytes and the deposition of melanin. The darkly pigmented skin phenotype comprises 
Gene SNP ID Variation Probable allele function 
SLC45A2 rs16891982 
NM_016180.4 
c.1122C > G ; p.Phe374Leu  
C = darker skin tone 
G = lighter skin tone 
SLC24A5  rs1426654 
NM_205850.3 
c.331G > A ; p.Ala111Thr   
G = increase in melanin 
A = decrease in melanin 
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individuals containing the arrangement of large, dispersed melanocytes with a high melanin 
concentration whereas the opposite is observed in the lightly pigmented skin phenotype 
(Maroñas et al. 2015; Sturm, Box, and Ramsay 1998; Sturm, Teasdale, and Box 2001). 
1.2.3.1 Skin pigmentation measurement 
The range of human skin pigmentation does not consist of discrete skin colours and should 
rather be viewed as a continuous spectrum which differs between diverse population groups 
(Tully 2007). Several skin type classification systems have been developed of which two, the 
Fitzpatrick scale and the von Luschan scale, are recognised as the benchmark for skin colour 
evaluation in dermatology (Roberts 2009). The Fitzpatrick scale is a numerically derived skin 
classification system that denotes six different skin pigment phenotypes ranging from 
extremely fair (skin type I) to extremely dark (skin type VI) based on an individual’s 
exposure to the sun (Table 1.2) (Fitzpatrick 1988; Sachdeva 2009). Alternatively, the von 
Luschan scale classification system is characterised by a chromatic scale colour chart which 
categorises skin pigment hues against numerical categories (Table 1.2) (Swiatoniowski et al. 
2013). This colour chart describes 36 categories which are utilised to compare against an 
individual’s skin colour to establish racial classification (Table 1.2) (Treesirichod, 
Chansakulporn, and Wattanapan 2014).  
Table 1.2 The two skin colour evaluation tools and their associated pigment phenotypes 
(Fitzpatrick 1988; Swiatoniowski et al. 2013) 
Fitzpatrick scale von Luschan scale  Skin pigment phenotype 
Skin type: Score:  
I 0-6 Pale white  
II 7-13 White 
III 14-20 Light brown  
IV 21-27 Moderate brown 
V 28-34 Dark brown 
VI 35-36 Extremely dark brown to black 
 
Although the aforementioned skin classification systems are well-known on a global scale, 
the principle behind their skin pigment interpretation is highly subjective which poses a 
concern within forensics research (Van der Wal et al. 2013). Thus, an objective instrument, 
such as that obtained from a derma-spectrophotometer, should rather be utilised to record 
pigmentation in melanin index (MI) measurements. The MI measurements are attainable 
because the human skin’s light absorptive characteristic allows for the derma-
spectrophotometer to measure specific colours based on reflectance spectrophotometry (Van 
der Wal et al. 2013). Several spectrophotometers have been developed; however, based on a 
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validation experiment between them, the DSM II ColorMeter (CyberDerm Inc., USA) was 
found to be highly sensitive and accurate (Van der Wal et al. 2013). The development of 
derma-spectrophotometer for skin colour evaluation has shifted the approach away from the 
subjective numerical and racial classification towards an objective and representative MI 
measurement.   
1.2.4 Molecular phenotyping in SA 
Some traditional genetic markers used for skin pigmentation evaluation in European and 
North American population groups have previously displayed poor association in admixed 
populations (Cerqueira et al. 2014). The selection of genetic markers for phenotype 
prediction in a local context needs to be considered based on population differences, 
especially in the SA context. SA consists of diverse ancestral groups with a continuum of 
skin colour and MI (Slabbert and Heathfield 2018).  Thus, it is vital to evaluate the 
discriminatory power of AIMs within the SA context and whether these AIMs can be 
associated with MI.  
1.2.4.1 SA population demographics 
The SA population is rich in diversity because it is characterised by groups originating from 
African,  Asian and European descent (de Wit et al. 2010). The complex amalgamation of 
these continental population groups has contributed to SA’s diversity through the 
establishment of an admixed population group known as the South African Coloureds (SAC) 
(Adhikari 2005). SA utilises four racial categories for bureaucratic identification – African 
Black, Coloured, Indian/Asian and White (Brown 2000). The 2018 mid-year population 
estimates stated that the SA population is estimated to be 57.7 million and comprises 80.9% 
African Black, 8.8% Coloured (SAC), 2.5% Indian/Asian and 7.8% White (Statistics SA 
2018). The SAC comprises the second largest population group in SA with the majority 
residing in the Western Cape (approximately 50%) (Statistics SA 2018). A study of the 
genomic structure of the SAC population in the Western Cape revealed the major ancestral 
components that contribute this population to be Khoesan, African (Bantu-speaking), 
European and Asian populations (de Wit et al. 2010).  
1.2.5 Ethical and social considerations of molecular phenotyping 
The use of molecular markers for EVC prediction poses major ethical and social concerns. 
The ethical considerations need to be reviewed amongst the forensic community and 
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bioethics research organisations (Kayser and Schneider 2009). By raising these ethical 
concerns, the conflicting viewpoints for utilising molecular phenotyping will be easily 
understood to benefit the public and legislative bodies. Thus, it is important that these issues 
are scientifically debated to provide a balanced view in which the advantages of using these 
molecular markers are compared against the associated risks to ethical values (Kayser and 
Schneider 2009). 
The primary ethical implication that has been highly debated is the violation of privacy. 
Privacy issues have been at the forefront of ethical interrogation of forensic genetics since its 
establishment (Williams and Wienroth 2017). EVC prediction based on DNA may infringe 
on the confidentiality of an individual, particularly if it discloses a vulnerable phenotype such 
as a propensity for a genetic disease or an altered physical trait (Slabbert and Heathfield 
2018). In contrast, Toom et al. (2016) argue that eyewitness reports are relevant as they 
provide a valuable context of a crime as opposed to a ‘biological witness’ such as molecular 
phenotyping (Toom et al. 2016). In SA, the right to privacy can be limited in certain 
instances, according to the Bill of Rights in the Constitution of the Republic of South Africa 
(Constitution for the Republic of South Africa, No. 108 of 1996 1996: chap2). The limitations; 
however, must be justified and reasonable based on human dignity, freedom and equality. 
Apart from the ethical concerns, molecular phenotyping within a forensics context requires 
the inclusion of social implications related to its use. BGA inference and its association with 
racial classifications and ethnicity poses a concern for potential prejudicial profiling, thus 
causing an imbalance in the treatment of certain social groups who have become the centre of 
investigative attention (Williams and Wienroth 2017). As a result, minority groups will be 
susceptible to suspicion which leads to further discrimination. The risk to these vulnerable 
social groups for investigative attention will be heightened which will further exacerbate the 
existing social justice disadvantages that exist within these groups (Wienroth, Morling, and 
Williams 2014).   
The ability for molecular phenotyping to predict EVCs and estimate BGA can potentially 
assist in alleviating the fear of prejudicial profiling and relieve social tensions within 
communities (Kayser and Schneider 2009; Ossorio 2006). M’Charek (2008) reported that 
molecular phenotyping allayed rather than incited ethnic bias. The case involving the murder 
of a Dutch girl led the town residents to believe that the suspect was from the minority 
11 
 
Middle Eastern ethnic group; however, BGA testing refuted that suspicion, stating the suspect 
was of European descent (M’Charek 2008).  
Molecular phenotyping also carries social value by increasing the extent to which DNA is 
used in forensic investigations (Kayser 2015). EVC prediction can assist in narrowing down 
the suspect pool by means of positive exclusion of individuals (Slabbert and Heathfield 
2018). It can also assist in assigning an identity to unknown victims and unidentified human 
remains in addition to providing social justice and closure for families.  
1.2.6 Legal implications of molecular phenotyping 
The novel techniques and applications for DNA evidence along with the empirical research 
that supports its value have significant implications for the judicial system and the legislators 
(Smith and Mann 2015). In SA, no specific DNA legislation existed until 2014 when the 
Criminal Law (Forensic Procedures) Amendment Act 37 of 2013 (DNA Act) was declared 
operational. The introduction of the DNA Act addressed the absence of a legal framework 
around using forensic DNA profiling as an intelligence tool. The key provision of the DNA 
Act was the establishment and regulation of the National Forensic DNA Database of South 
Africa (NFDD). Recently, the implementation of the NFDD has potentially advanced 
criminal intelligence in SA; however, the current repository of DNA profiles is not 
sufficiently populated therefore limiting its use as a criminal investigative tool (Heathfield 
2014).  
The DNA Act prohibits the use of molecular phenotyping for forensic casework. The 
definition of forensic DNA profile and forensic DNA analysis in the DNA Act explicitly 
states that analysis of DNA and the subsequent results obtained must not encompass any 
information relating to an individual’s medical or mental condition or the propensity or 
physical information of an individual other than their sex (Criminal Law (Forensic 
Procedures) Amendment Act, No. 37 of 2013 2014). Based on these definitions, the use of 
genetic material in forensics is lawfully regulated thus, limiting its use to only generate 
forensic DNA profiles.  
Koops and Schellekens (2008) reported that many countries, including SA, have legislation 
for the use of DNA; however, it is mainly regulated for conventional DNA profile analysis, 
with no inclusion of molecular phenotyping (Koops and Schellekens 2008). This close-
minded concept highlights the negative aspect of this act to expand DNA analysis 
development for forensic investigations in SA (Heathfield 2014). It is evident that the SA 
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legal system will need to revise its policies to accommodate novel scientific developments 
relevant to the forensics field.  
Although molecular phenotyping is outlawed in SA, several countries permit its use for 
forensic purposes regardless of whether it is mentioned in their legislation or not. In the 
Netherlands, the government has amended the Dutch Code of Criminal Procedure in 2003 to 
allow for phenotypic information to be derived from DNA found at a crime scene. The Dutch 
legislation; however, limits these traits to only aid in criminal investigations and to predict 
traits that are known to an individual and were visibly present at birth  (Koops and 
Schellekens 2008). Furthermore, in Germany, the state of Bavaria has recently amended its 
regulations to include molecular phenotyping as an investigative tool. In other German states, 
there are currently ongoing policy discussions relating to the German legislation and its 
regulation of molecular phenotyping (Samuel and Prainsack 2018). In contrast, the United 
Kingdom has no legislation that specifically regulates this technique; however, it has been  
applied in forensic casework on numerous occasions (Koops and Schellekens 2008; Smith 
and Mann 2015). Similarly, in the United States, there is no federal legislation on molecular 
phenotyping; however, most states laws regulate its use. Texas is the only state that has 
legally sanctioned its application in criminal investigations (Koops and Schellekens 2008).  
The recent development of the NFDD limits the use of DNA as a criminal investigative tool. 
It has been recommended that alternative forensic DNA analysis, such as molecular 
phenotyping, should be considered in forensic casework in SA (Slabbert and Heathfield 
2018), particularly given the burden of unidentified remains in forensic mortuaries (Reid, 
Martin, and Heathfield 2019). Extensive validation in conjunction with amending SA 
legislation is needed in order to include and regulate molecular phenotyping as a tool in 
forensic practice in SA (Slabbert and Heathfield 2018).  
1.3 Rationale  
Although the recent establishment of the NFDD has shown potential to advance criminal 
intelligence in SA, its infancy has raised concerns regarding providing investigative leads for 
law enforcement.  Alternatively, the use of molecular phenotyping has the ability to aid in 
forensic cases by predicting EVCs and BGA from evidential biological samples allowing this 
technique to develop into a useful identification tool to aid in certain investigations.  
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Traditional molecular phenotyping markers have mainly been developed and researched in 
European and North American population groups and have been incorporated into 
commercials kits. The significance and informative value of these markers within the SA 
context is unknown. Therefore, the relevance of these markers needs to be assessed in SA.  
As previously stated, skin colour forms part of the EVCs which plays an important role in 
victim identification for early-phase investigation. Many conventional markers used for skin 
pigmentation evaluation; however, were insignificantly associated with admixed populations. 
It is evident from the above literature review that previous studies have provided the 
framework to objectively research appropriate SNPs for skin colour assessment in admixed 
populations; however, the subsequent data is limited particularly in a SA context. This, in 
conjunction with the limited numbers of forensic studies utilising MI globally, has 
consequently prompted the need for a study to be performed in SA. The two AIMs selected 
for analysis were SLC45A2 (rs16891982) and SLC24A5 (rs1426654). These AIMs were 
identified by Cerqueira et al. (2014) to be constantly associated with only MI in the Brazilian 
admixed populations, which prompted the selection of these AIMs for our analysis. The 
initial results from a previous pilot study in our research group were promising (Slabbert 
2017); however, the sample size was underpowered. Thus, further research is needed to 
evaluate molecular phenotyping markers as a forensic tool to predict MI in a significantly 
large cohort within SA. 
1.4 Aim and objectives 
1.4.1 Aim 
The aim of this study is to investigate the relationship between SNPs involved in molecular 
phenotyping and MI in SA individuals. 
1.4.2 Objectives 
• Continue recruitment of participants to reach a significantly powered cohort. 
• Genotype the two AIMs (SLC45A2, rs16891982 and SLC24A5, rs1426654) using the 
SNaPshot® genotype assay for the cohort. 
• Statistically assess and model the relationship between the MI of the participants and 
their genotypes for the two markers. 
14 
 
Chapter 2: Methods and materials  
2.1 Study design 
A prospective, cross-sectional, experimental study design with a quantitative research 
paradigm was used to address the aim of this project. The quantitative analysis involved 
measuring the association between the genetic variations (independent variables) represented 
by the genotypes of two AIMs and the recorded MI (dependent variable) of an individual.  
2.2 Cohort 
Based on the sample size calculation (Appendix A), the number of participants required to 
obtain statistical power was 354 individuals. Prior to this minor dissertation, a total of 289 
individuals had previously been recruited with sufficient DNA, of which 92 individuals were 
successfully genotyped for these two variants. Therefore, a further 65 individuals were 
required to participate in this study; however, 100 individuals were recruited in case 
insufficient DNA was obtained for downstream analysis.  
Individuals of all ethnicities who were over 18 years old residing in the Western Cape were 
included in the study. Individuals with pigment disorders or scarring in the region where MI 
was measured were excluded. Participants reporting the use of supplements or remedies that 
alter their skin colour were also excluded.   
The recruitment of the participants was performed by oral communication and volunteers 
gave informed consent to participate (Appendix B). This study received ethics approval from 
the Human Research Ethics Committee (HREC) of the University of Cape Town (UCT 
HREC 317/2015) (Appendix C). 
2.3 Data collection  
2.3.1 Participant questionnaire  
The participants were required to complete an information questionnaire self-reporting their 
ethnic background (Appendix D). Each questionnaire was linked to a unique participant 
number in order to maintain anonymity. For the ancestral origin, the mixed ancestry group 
comprised of participants with more than one ancestral origin.   
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2.3.2 MI measurement 
The MI of the participants was measured at three hairless sites (inner forearm, the inner arm 
above the elbow and forehead) in duplicate using a non-invasive derma-spectrophotometer 
(DSM II ColorMeter, CyberDerm Inc., USA). The measurements were recorded on the 
participant questionnaire. 
2.4 DNA analysis 
2.4.1 Sample collection and DNA extraction 
The participants vigorously rinsed their mouth with 10 mL of 0.9 % saline solution for 30 
seconds. The saline was collected in a 50 mL tube and the cells were pelleted at 3 000 rpm 
for 5 minutes in an Eppendorf® Centrifuge 5804 (Eppendorf, Hamburg, DEU). The 
supernatant was discarded without disturbing the cell pellet.  
DNA extraction was performed on the pellet according to the manufacturer’s protocol from 
the Quick-DNA™ Miniprep Plus Kit (Zymo Research, Irvine, USA). The protocol was 
amended to include the addition of 150 µL of BioFluid and Cell Buffer (Red), 150 µL of 
DNA Elution Buffer and 15 µL of Proteinase K to the pelleted cells. Incubation steps were 
done using a ThermoMixer F2.0 (Eppendorf, Hamburg, DEU) while centrifugation was done 
in the Eppendorf Centrifuge 5417C (Eppendorf, Hamburg, DEU). The DNA was eluted into 
50 µL of DNA Elution Buffer (Zymo Research, Irvine, USA).  
2.4.2. DNA quantification  
Following DNA extraction, the samples were quantified by spectrophotometry. 
Quantification analysis was performed using the NanoDrop™ 2000 Spectrophotometer 
(NanoDrop Technologies LLC, Wilmington, USA). The instrument was blanked using DNA 
Elution Buffer (Zymo Research, Irvine, USA). A volume of 2 µL of DNA was added onto the 
instrument for quantification.  
The readings obtained from the quantification analysis included the total genomic DNA 
concentration of the sample and the A260/A280 and A260/230 absorbance ratios.  The 
quantification was performed in duplicate to obtain a mean DNA concentration which was 
used to dilute the DNA samples to a final concentration of 50 ng/µL using AccuGene® 
Molecular Biology Grade Water (Lonza, Rockland, USA). 
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2.5 Amplification of target regions 
2.5.1 PCR optimisation and amplification  
PCR optimisation was performed for both primers sets (Table 2.1) in order to identify the 
ideal annealing temperature (Ta). Optimisation was carried out again in this study since the 
pilot study made use of a different DNA polymerase, which has since been discontinued in 
SA. To this end, temperature gradient PCRs was performed in a T100 Thermal Cycler (Bio-
Rad, Hercules, USA). Each standard PCR reaction contained 1X GoTaq® G2 green master 
mix (Promega, Madison, USA), 10 µM of each primer (Table 2.1) and 50 ng of genomic 
DNA. AccuGene® Molecular Biology Grade Water (Lonza, Rockland, USA) was added to 
make up a final reaction volume of 25 µL.  
PCR cycling conditions for Ta optimisation were as follows: initial denaturation at 95 °C for 
5 minutes; followed by three steps, cycled 30 times, consisting of: (1) denaturation at 95 °C 
for 30 seconds, (2) annealing at a temperature gradient (ranging from 50 °C to 60 °C) for 30 
seconds, and (3) extension at 72 °C for 30 seconds. A final extension step was included at 72 
°C for 7 minutes. 
 
 
Once the optimal Ta for both primer sets was identified as 56.1 °C, PCR amplification was 
performed as described above on the cohort samples (n = 197 from previously recruited 
cohort + 100 newly recruited individuals). A non-template control (NTC) was included for 
each PCR reaction. 
2.5.2 Agarose gel electrophoresis 
Gel electrophoresis was utilised to confirm target region amplification.  Gels containing 2 % 
(w/v) agarose (SeaKem LE Agarose, Walkersville, USA) prepared with 1X TBE buffer 
(Sigma Aldrich, St. Louis, USA) were used, and subsequent visualisation of PCR products 















AGGTTG (Giardina et al. 2008; 
Valenzuela et al. 
2010; Allwood 2013; 







Table 2.1 The primers (forward and reverse) designed for each gene to amplify the regions of interest 
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Scientific, Waltham, USA). A volume of 5 µL of PCR product and 5 µL of molecular weight 
marker (MWM) (Quick-load® Purple 50 bp DNA ladder, New England BioLabs, Ipswich, 
USA) was loaded. The MWM was included on each gel for estimation of amplicon size. 
Electrophoresis was performed for 1 hour at 80 volts (V) and was visualised using the 
Syngene Bio-imaging System (Syngene, Cambridge, UK). Images were captured using 
GeneSnap v.7.12 software (Syngene, Cambridge, UK). 
2.6 SNaPshot® genotyping 
2.6.1 Post-PCR clean-up 
The PCR products that were successfully amplified underwent genotyping using a multiplex 
SNaPshot® PCR method. Post-PCR purification was performed prior to genotyping. The PCR 
products were purified according to the ExoSAP-IT™ Express PCR Product Clean-up 
protocol (Thermo Fisher, Waltham, USA).  The protocol was amended to include 
multiplexing the post-PCR reaction product in a 4:1 (SLC45A2:SLC24A5) mixture ratio after 
initial optimisation with various post-PCR product mixture ratios (1:1; 3:2 and 4:1).  
2.6.2 SNaPshot® PCR 
The SNaPshot® PCR was optimised to also identify the ideal primer mixture ratio. The 
SNaPshot® PCR was performed using the SNaPshot® Multiplex Kit (Applied Biosystems, 
Foster City, USA).  Each SNaPshot® PCR reaction contained 5 µL of the multiplexed 
purified post-PCR product, 1 µL of SNaPshot® Ready Reaction mix, 1 µL of primer mixture 
(Table 2.2) and 3 µL of AccuGene® Molecular Biology Grade Water (Lonza, Rockland, 
USA). Positive and negative controls were included for each SNaPshot® PCR reaction. The 
optimisation involved various SLC45A2:SLC24A5 primer mixture ratios (1:1; 3:2; 4:1 and 
6:1). SNaPshot® PCR reactions were incubated in a T100 Thermal Cycler (Bio-Rad, 
Hercules, USA). 
The PCR cycling conditions for the primer mixture ratio optimisation were the following: 
Three steps, cycled 25 times, consisting of: (1) 96 ºC for 10 seconds, (2) 50 ºC for 5 seconds 




Table 2.2 Internal forward primer designed for each gene used for SNaPshot® genotyping  
 
Once the optimal primer mixture ratio was identified as 4:1 (SLC45A2:SLC24A5), 
SNaPshot® PCR was performed, as described above, on the cohort samples. 
2.6.3 SNaPshot® PCR clean-up 
A volume of 1 µL of recombinant Shrimp Alkaline Phosphatase (rSAP) (New England 
BioLabs, Ipswich, USA) was added to the SNaPshot® PCR reaction. The SNaPshot® PCR 
clean-up was performed in a T100 Thermal Cycler (Bio-Rad, Hercules, USA) with the 
following conditions: 37 ºC for 1 hour followed by 75 ºC for 15 minutes. 
2.6.4 Capillary electrophoresis  
In a final reaction volume of 10 µL, 7.9 µL Hi-Di formamide (Thermo Fisher Scientific, 
Waltham, USA), 0.1 µL GeneScan™ 120 LIZ™ size standard (Thermo Fisher Scientific, 
Waltham, USA) and 2 µL of cleaned SNaPshot® PCR product was added to a 96-well plate. 
The samples were denatured using GeneAmp™ PCR System 9700 (ThermoFisher Scientific, 
Waltham, USA) for 5 minutes followed by storage at -20 ºC on an ice block for 2 minutes.  
Capillary electrophoresis was performed in the ABI 3130xl Genetic Analyser (Applied 
Biosystems, Foster City, USA). The raw data files were analysed using GeneMapper 
Software v4.1 (Thermo Fisher Scientific, Waltham, USA). The genotyping analysis for both 
markers utilised the International Union of Pure and Applied Chemistry (IUPAC) nucleotide 
base codes. 
2.6.5 Allele and genotype frequencies 
The allele and genotype frequencies were obtained from the 1000Genome Project which is a 
database containing frequencies from different population groups around the world. The 
1000Genome Project (The 1000 Genomes Project Consortium 2015) consisted of samples 







Colour change (dye)  Forward Sequence (5’→3’) 
SLC45A2 
(rs16891982) 
34 c.1122C > G Black > Blue 





18 c.331G > A Blue > Green 




South Asia and America. This genotype data is freely accessible globally rendering it a great 
asset to research. 
2.7 Data analysis  
A Shapiro-Wilk test was performed to determine whether the MI measurements followed a 
normal distribution. The Kruskal-Wallis test was performed to determine whether a 
significant difference existed between the mean MI observed and the SA population census 
groups as well as the different ancestral origins. Thereafter, a Wilcoxon sum-rank test was 
performed to determine the significance of MI within the SA population census groups as 
well as ancestral groups. The post-hoc test in the form of the Bonferroni correction was 
accounted for. A 95 % confidence interval was selected which meant p - values less than 0.05 
were considered significantly different. Furthermore, a Pearson’s Chi-Squared test was 
performed to evaluate whether the genotype data obtained was in Hardy-Weinberg 
Equilibrium (HWE). The aforementioned analyses were performed using RStudio v1.2.1335 
(RStudio Inc., Boston, USA). 
A generalised linear model (GLM) for the mean MI was designed based on the observed 
genotypes of the individuals (Lloyd-Jones et al. 2017). The model considered all observed 
alleles and genotypes of each SNP independently in addition to the combined genotype 
observations. A backward hierarchical approach was selected to generate the best predictive 
mean MI model based on the Akaike Information Criterion (AIC) value (Bozdogan 1987). 
The combination of covariates that produced the lowest AIC value was chosen for the 
model equation. The model was created using a significant level of 0.1 for removal of co-
variates from the model. The distribution of the dependent variable (family) used was the 
Poisson distribution and the link function (link) used was the power function. The MI 
predictive model was generated using Stata/SE v.13.1 (StataCorp LLC, College Station, 
USA) and was evaluated on its MI prediction accuracy for each genotype combination using 




Chapter 3: Results 
3.1 Cohort 
A total of 389 individuals were recruited to participate in this study. Of the 389 individuals, 
167 individuals (43 %) were male and 222 (57 %) individuals were female (Figure 3.1A). 
Overall, the most frequent self-reported population group within the cohort comprised of 
African Black (37 %; n = 143) and White (29 %; n = 114) participants, followed by the 











                                                                                             
The cohort was also represented by participants from various ancestral origins (Figure 3.1B). 
The major ancestral origin that characterised the cohort was African (42 %; n = 162) (Figure 
3.1B). Other ancestral origins of the participants consisted of 29 % European (n = 113), 16 % 
Asian (n = 62) and 12 % Mixed (n = 47). Of the 389 individuals in the cohort, only 1 % (n = 
5) stated their ancestral origin to be unknown. The comparison between the two variables 
(Figure 3.1A + B) show that some participants identify their SA population census groups, 
but it does not correspond to their self-reported ancestral group.  
 
A 
B A N = 389 
Figure 3.1 (A) Stacked column graph representing the sex of the participants and their self-reported population group according to SA 
population census categories in the cohort. The self-reported population group for the male participants consisted of 43 % African Black, 
17 % Coloured, 12 % Indian/Asian and 28 % White. For the female participants, the self-reported population group consisted of 32 % 
African Black, 21 % Coloured, 17 % Indian/Asian and 30 % White. (B) Treemap depicting the various ancestral origins of the participants 
in the cohort. 
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3.2 MI measurements 
3.2.1 MI of the cohort 
The MI of the newly recruited participants were taken and combined with the existing 
participants in the cohort (Figure 3.2). The majority of the newly recruited participants’ (44 
%) MI readings ranged between 30 – 35 units. Similarly, this trend was also observed in the 
MI readings taken from the existing participants in the cohort. Overall, the most frequent MI 











To determine the distribution of the MI readings, a density curve was plotted (overlaying 
black line). Based on the visual representation of the distribution plot, the density curve 
suggested that the distribution of the MI readings were positively skewed (right skewed). 
This observation was confirmed by the Shapiro-Wilk test which indicated that the MI 
readings were not normally distributed (p < 0.0001) and that the MI distribution was 
asymmetrical. The mean MI of the cohort (45.29) was greater than the median (43.16) and 
mode (33.29) which further showed the positively skewed distribution of the MI readings. 
3.2.2 MI versus self-identified SA population census groups 
The MI distribution for the four different SA population census groups is depicted by figure 
3.3. The median and range of MI for the following SA population census groups are 
described in Appendix E (Table E.1). The small range in MI for the White population group 
Figure 3.2 Histogram showing the MI frequency of the cohort.  The overlaying line (black) represents the density curve. 
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(14.42) indicated less dispersion in the MI readings while a large range for the African Black 
(49.26), Coloured (30.41) and Indian/Asian (31.23) population groups indicated a greater 














A Kruskal-Wallis test denoted a significant association of MI across the SA population 
census groups (p < 0.0001) (Appendix F; Table F.1). Therefore, pairwise Wilcoxon rank-sum 
tests (with a Bonferroni correction) were performed for the MI distribution between each 
pairwise SA population census group. A statistically significant MI difference was observed 
between each pairwise population group except between the Coloured and Indian/Asian 
population groups (p = 0.25) (Figure 3.3). 
3.2.3 MI versus self-reported ancestral groups 
The MI distribution for the self-reported ancestral groups is depicted by figure 3.4. The 
summary statistics for the MI of the following ancestral groups are described in Appendix E 
(Table E.2). Similar to the results from the SA population census groups above, there was a 
small MI range for the European ancestral group (19.14) with larger dispersion ranges for the 
Figure 3.3 Box and whisker plot representing the MI distribution for the self-identified SA population census 
groups. The circles represent the outliers. **** p < 0.0001 and NS = not significant (determined by Wilcoxon 









































African (52.68), Asian (31.23) and Mixed (24.19) ancestral groups (Figure 3.4). The MI 














Again, a Kruskal-Wallis test denoted a significant association of MI across the ancestral 
groups (p < 0.0001) (Appendix F; Table F.2) and Wilcoxon rank-sum tests (with Bonferroni 
correction) were performed. Each the ancestral group demonstrated a statically significant MI 
difference between each of the other ancestral groups (Figure 3.4).  
3.3 DNA quantification  
The quality and quantity of DNA extracted from the newly recruited participants were 
measured spectrophotometrically. Overall, the mean DNA concentration obtained from the 
newly recruited participants was 143.78 ng/µL, A260/A280 ratio was 1.83 and A260/A230 ratio 
was 1.57 (Table 3.1).  
 
 
Figure 3.4 Box and whisker plot representing the MI distribution for the self-reported ancestral groups. The 

















































3.4 PCR optimisation and amplification 
Optimal conditions were determined for PCR amplification of the desired fragments by 
performing temperature gradient PCRs. The temperature gradients for both SLC45A2 
(rs16891982) and SLC24A5 (rs1426654) primers indicated a range of optimal Ta, where 
bands were bright, and no non-specific binding was present. For ease, 56.1 °C was chosen for 
both PCRs (Figure 3.5A and Figure 3.5B)  and subsequent PCR amplification at Ta = 56.1 °C 
for both SLC45A2 (rs16891982) and SLC24A5 (rs1426654) resulted in specific amplification 
of the target fragments: 201 bp (SLC45A2, rs16891982) (Figure 3.5C) and 199 bp (SLC24A5, 
rs1426654) (Figure 3.5D) in the newly recruited (n = 100) participants and previously 
recruited but not yet genotyped (n = 197) participants’ DNA samples. The NTC was clear 
showing no contamination and the MWM (Appendix G) was utilised to identify and confirm 
the size of the target fragments. The gels (Figure 3.5C – D) are a representation of the 
successful amplification of both target regions that was achieved from the DNA samples of 







Table 3.1 The five-number summary, mean DNA 
concentration and mean A260/A280 and A230/A260 ratios 
obtained from the newly recruited participants. 











25.45 95.99 124.53 168.91 414 
Mean DNA concentration (ng/µL) 
143.78 

















3.5 SNaPshot® genotyping 
SNaPshot® genotyping was performed on all amplified PCR products to identify the presence 
of both variants (rs16891982 and rs1426654) in their respective genes (SLC45A2 and 
SLC24A5) (Figure 3.6). In an electropherogram, peak pairs at the same location represent 
heterozygosity while a single, with an often heightened peak, represents homozygosity.  
The electropherograms below represent different genotypes for the two markers for a 
selection of individuals. As an example, samples MSK 129 and MSK 257 were found to be 
homozygous for both variants as represented by the single monochromatic peaks (Figure 
3.6A + B). However, sample MSK 414 was heterozygous for both variants as denoted by the 






← 201 bp 
← 199 bp 
Figure 3.5  Images of PCR products visualised with SYBR® Safe on a 2 % agarose gel with 5 µL of PCR product, NTC and 5 µL of 50 
bp MWM loaded. The agarose gel(s) were electrophoresed for 1 hour at 80 V. (A + B) A temperature gradient ranging from 50 – 60 °C 
for identification of the optimal Ta for the (A) SLC45A2 (rs16891982) fragment of 201 bp and (B) SLC24A5 (rs1426654) fragment of 
199 bp.  (C + D) PCR amplification of DNA samples from some of the newly recruited participants in the cohort (MSK 379 - 395) at the 




























Figure 3.6 SNaPshot® electropherograms showing the presence of the SLC45A2 (rs16891982) and SLC24A5 
(rs1426654) variants. (A) The homozygous variant c.1122C > G (allele C) identified in SLC45A2 (rs16891982) and the 
homozygous variant c.331G > A (allele G) identified in SLC24A5 (rs1426654) for sample MSK 129. (B) The 
homozygous variant c.1122C > G (allele G) identified in SLC45A2 and the homozygous variant c.331G > A (allele A) 
identified in SLC24A5 for sample MSK 357. (C) The heterozygous variant c.1122C > G identified in SLC45A2 and the 
heterozygous variant c.331G > A identified in SLC24A5 for sample MSK 414. The y-axis represents the relative 
fluorescent units (RFU) and the x-axis represents size in base pairs (bp). The panel above the peaks represent the gene 
of interest. The dye mix probe colours represent the following ddNTPs: Adenine (A) - green; Guanine (G) – blue and 




3.6 Allele and genotype frequencies  
The calculated allele and genotype frequencies for SLC45A2 (rs16891982) and SLC24A5 
(rs1426554) according to the SA population census groups are listed in Table 3.2. There were 
eight observed genotype combinations from both SNPs that were identified within the cohort. 
The genotype combination GG (SLC45A2, rs16891982) GG (SLC24A5, rs1426554) was not 
observed in the cohort.  Based on the Pearson’s Chi-Squared test, the allele data observed for 
each SNP within the cohort were not in HWE (p < 0.0001; Appendix H).   
Table 3.2 Allele and genotype frequencies for SLC45A2 (rs16891982) and SLC24A5 
(rs1426654) according to the SA population census groups. 
 
SLC45A2 (rs16891982) SLC24A5 (rs1426654) 
Allele Genotype Allele Genotype 
G C GG GC CC A G AA GA GG 
African Black 
(n = 143) 
0.01 0.99 0.01 0.01 0.99 0.10 0.90 0.01 0.19 0.80 
Coloured 
 (n = 75) 
0.31 0.69 0.15 0.32 0.53 0.49 0.51 0.27 0.44 0.29 
Indian/Asian       
(n = 57) 
0.05 0.95 0.00 0.11 0.89 0.57 0.43 0.4 0.33 0.26 
White (n = 114) 0.93 0.07 0.86 0.13 0.01 0.96 0.04 0.91 0.09 0.00 
TOTAL  
(n = 389) 
0.34 0.66 0.28 0.12 0.60 0.49 0.51 0.38 0.23 0.39 
 
African* 
(n = 661) 
0.04 0.96 0.01 0.06 0.93 0.07 0.93 0.01 0.13 0.86 
East Asian* 
(n = 504) 
0.01 0.99 0.00 0.01 0.99 0.01 0.99 0.00 0.02 0.98 
South Asian* 
(n = 489)  
0.06 0.94 0.01 0.11 0.88 0.69 0.31 0.51 0.36 0.13 
European* 
(n = 503)  
0.94 0.06 0.89 0.10 0.01 0.99 0.01 0.99 0.01 0.00 
*Allele and genotype frequencies obtained from: 
https://www.ensembl.org/Homo_sapiens/Info/Index  (accessed 19th September 2019) 
*Allele and genotype frequencies  according to the  1000 Genomes Project Phase 3 for SLC45A2 
(rs16891982) and SLC24A5 (rs1426554) 
 
3.7 MI predictive statistical model 
A GLM was then developed to assess if MI could be predicted from the genotypes from the 
two SNPs. The GLM that best suited the cohort had an AIC value of 6.76. There were four 
genotypes that were comprised the model: CC (SLC45A2, rs16891982), GC (SLC45A2, 
rs16891982), AA (SLC24A5, rs1426554) and GA (SLC24A5, rs1426554).  
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The intercept value of the GLM was 0.026 (p < 0.0001) and the covariates were chosen based 
on their influence on the backward hierarchical selection (Table 3.3). The MI predictive 
model equation (Equation 1) was used to identify the specific individual SNP genotype which 
was selected as covariates for the model. The coefficient values for the GLM were used in the 
equation for each covariant (Table 3.3).  
Equation 1: Mean MI prediction model equation for SLC45A2 (rs16891982) and 
SLC24A5 (rs1426554) 
Mean MI = [0.026 – 0.008 (SLC45A2, rs16891982: genotype CC) – 0.003 (SLC45A2, 
rs16891982: genotype GC) + 0.006 (SLC24A5, rs1426554: genotype AA) + 0.003 (SLC24A5, 
rs1426554: genotype GA)]-1 







The model was assessed through comparing the mean predicted MI based on the genotype 
combination to the mean recorded MI observed for each genotype combination. The 
predicted MI reading was generated using the above equation (Equation 1) while the recorded 
MI reading was taken using the DSM II ColorMeter. The figure below illustrates the 











Intercept 0.026 0.0007 p < 0.0001 
CC  
(SLC45A2, rs16891982) 
-0.008 0.0007 p < 0.0001 
GC  
(SLC45A2, rs16891982) 
-0.003 0.0008 p = 0.001 
AA  
(SLC24A5, rs1426554) 
0.006 0.0006 p < 0.0001 
GA  
(SLC24A5, rs1426554) 














     
The predicted and recorded mean MI for each observed combined genotype is mentioned in 
Table 3.4 below. All the predicted mean MI readings for each combined genotype fell within 
the 95 % confidence interval range of the recorded mean MI readings (Figure 3.7 + Table 
3.4). Thus, for all genotype combinations, an association between the predicted MI and the 
recorded MI was detected. 
Table 3.4 The predicted and recorded mean MI readings for the genotype combinations 















95 % confidence 
interval 
CC AA 28 42.72 42.56 2.41 
CC GA 61 49.41 49.52 2.19 
CC GG 144 56.56 56.53 1.72 
GC AA 25 34.84 34.96 1.49 
GC GA 13 39.16 37.48 2.09 
GC GG 8 43.52 43.74 1.56 
GG AA 95 31.65 31.48 0.54 

































































































































































































































































































































































Figure 3.7 Scatter plot depicting the predicted and recorded MI for each combined genotype with a 95 % confidence bands for each 




Chapter 4: Discussion and conclusion  
There is a burden of individuals who remain unidentified both globally and locally (Reid, 
Martin, and Heathfield 2019). The use of DNA is a well-established method to assist in 
human identification, but relies on a database of DNA profiles from known individuals for 
matching purposes (Butler 2010). The NFDD is still in its infancy, as the legal framework to 
regulate the database was only recently established. While the prediction of phenotypic 
characteristics is currently prohibited by the DNA Act, its value in generating leads for victim 
identification prompted this research study. The aim of this study was to develop and assess a 
prediction model for MI based on the genotypes of two forensic molecular markers for the 
intended purpose of improving local human identification techniques. Consequently, a 
SNaPshot® PCR approach (Figure 3.6) was used to successfully genotype SLC45A2 
(rs16891982) and SLC24A5 (rs1426654) variants in a statistically significant cohort of 389 
SA individuals. A GLM (Table 3.3) was developed which was able to predict MI from these 
variants within the 95 % confidence interval range of the recorded MI readings (Figure 3.7).  
4.1 Assessment of the prediction model 
In order to predict the MI from an individual’s genotype combination of the two 
aforementioned SNPs, a GLM was developed (Table 3.3). The model was designed based on 
the genotypes at the two SNP loci. The prediction accuracy was assessed for each genotype 
combination by comparing the predicted MI against the recorded MI within a 95 % 
confidence interval. The covariates of the prediction model displayed extremely low standard 
error values (Table 3.3) which suggested that there was little spread in the MI distribution for 
each genotype combination (Christensen et al. 2014; Harvill 1991). The low standard error 
values are possibly attributed to an appropriately large sample size (Harvill 1991) – the 
cohort from the pilot study conducted by Slabbert (2017) consisted of 92 individuals which 
was increased to 389 individuals in this study (Figure 3.1) based on the power calculation 
(Appendix A). The increased cohort size mitigated the challenges associated with the 
prediction model as discussed by Slabbert (2017). In addition, each covariate also displayed a 
p – value less than 0.05 (Table 3.3) indicating that there was a statistically significant 
association between the covariates and MI. It is evident by the results obtained from this 




Although the GLM is best suited to predict MI from the genotypes of the two SNPs, the 
model only comprises of four genotype covariates – two from each SNP (Table 3.3). The 
remaining genotypes for each SNP was excluded from the model due to multicollinearity – a 
situation whereby the predictor variables in a statistical model are correlated as opposed to 
being independent (Dormann et al. 2013). The genotype combinations obtained from both 
SNPs were also excluded because their p – values were greater than the standard significant 
level (p = 0.1) for removal from the backward hierarchical estimation model.  
Of note, the genotype combination GG (SLC45A2, rs16891982) and GG (SLC24A5, 
rs1426554) was completely excluded from the model as it was not observed within the cohort 
(Table 3.4). The reason as to why this genotype combination was not observed may be 
attributed to the contradictory characteristics these SNPs possess (Cerqueira et al. 2014). 
Several studies have discovered that the probable function for the G allele in SLC45A2 
(rs16891982) is associated with increased melanin content (Norton et al. 2007; Spichenok et 
al. 2011) while the G allele function in SLC24A5 (rs1426554) is related to lighter skin 
pigmentation (Norton et al. 2007; Cook et al. 2009). This genotype combination has also not 
been observed in previous literature (Norton et al. 2007; Spichenok et al. 2011; Cook et al. 
2009) suggesting that their combined impact may not influence the MI as a result of their 
opposing SNP characteristics. Another explanation for the exclusion of this genotype 
combination is that such homozygotes will only occur at extremely low frequencies in both 
European and African derived populations (The 1000 Genomes Project Consortium 2015) 
and so will not be captured by the size of the cohort used in the study. 
The statistical analysis used for molecular phenotyping has been incorporated through the 
development of prediction models based on the statistically relevant SNPs’ ability to predict 
phenotypic characteristics (Kastelic and Drobnič 2012). The generation of prediction models 
are frequently performed with hair and eye colour prediction (Liu et al. 2009; Walsh et al. 
2011a). For example, the HIrisPlex system used logistic regression models to predict a 
phenotype category, where eye colour was categorised as blue, brown and intermediate eye 
colour (Walsh et al. 2014). Similarly, skin colour prediction has been predominantly 
dependent on previously established models that predict skin colour using categorically based 
skin colour charts. These charts are subjective and restrict skin colour categorisation to pale, 
intermediate, medium or dark skin colour (Hart et al. 2013; Maroñas et al. 2014; Pneuman et 
al. 2012).  
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In contrast, this study designed a model (Equation 1 and Table 3.3) that predicts skin colour 
using MI, a continuous variable, rather than the categorical variables used in previous skin 
colour prediction models (Walsh et al. 2017; Zaorska, Zawierucha, and Nowicki 2019). The 
model developed in this study mitigates the limitations associated with utilising the 
aforementioned categorical skin colour prediction models in both a forensic and SA context. 
In a SA setting, there is a heightened sensitivity regarding categorising individuals based on 
skin colour mainly due to the history of Apartheid (Posel 2001). Although this type of 
prediction modelling is novel in its use to analyse SNPs for MI prediction, its introduction in 
a local context can assist in steering away from the racial stigmatisation and profiling 
exhibited based on skin colour in SA.  
4.2 MI as a variable of interest 
4.2.1 MI versus SA population census groups 
Previous studies (Ang et al. 2012; Parra, Kittles, and Shriver 2004; Spichenok et al. 2011) 
have utilised population groups as a variable for association with genotype data; however, 
this study utilised MI measurements, which are displayed as a function of the human skin’s 
absorption characteristic and provides an objective melanin assessment for skin pigmentation 
(Park and Lee 2005; Van der Wal et al. 2013; Wright et al. 2019).  
Initially, the MI measurements were compared between the different SA population census 
groups (Figure 3.3). Although the MI differences were statistically significant between some 
of the population groups (p < 0.0001), there were overlapping MI ranges implying that the 
SA population census groups were not a suitable representation for MI. For example, an 
overlapping MI range was observed between the African Black (36.93 – 86.19) and Coloured 
(30.00 – 60.41) population groups (Figure 3.3). This could be attributed to the extensive 
variation in skin pigmentation levels in individuals who self-identify with either population 
group (Brown 2000). The overlapping MI ranges (Figure 3.3) also indicated that SA 
population census groups were uninformative as a variable for skin colour prediction as they 
have scientific limitations in addition to its ethical issues as previously discussed by Toom et 
al. (2016).  The results obtained from the MI readings in this study (Figure 3.3) support the 
notion that MI, a continuous variable, is a more appropriate variable than the SA population 
census groups, especially since the SA population is highly admixed (Adhikari 2005; de Wit 
et al. 2010).  Furthermore, the population census groups in SA symbolises a history of racism 
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and racial segregation of individuals based on skin colour (Christopher 2002). This study was 
hugely important in a local context as it moves away from the use of racial classifications.   
Although the application and interpretation of MI as an indicator of skin pigmentation is 
perhaps understood in the scientific community (Lasisi and Shriver 2018; Majewski et al. 
2016; Stokowski et al. 2007; Martin et al. 2017), the same does not necessarily hold true in 
the current criminal justice system. In a SA context, the law enforcement and justice system 
adheres to the DNA Act which was introduced to administer and regulate the NFDD 
(Heathfield 2014). This database is used to store forensic DNA profiles of offenders and its 
access is strictly limited to the law enforcement for investigative purposes (Dedrickson 2017; 
de Wet and Visser 2017). However, the NFDD does not store any phenotypic or SNP data 
because the DNA Act prohibits the use and access of this type of data (Criminal Law 
(Forensic Procedures) Amendment Act, No. 37 of 2013 2014).  
The interpretation of MI and SNP data by law enforcement and court of law is not well-
established. The law enforcement and justice system unfortunately still utilise racial groups to 
classify individuals and is currently an important variable in assisting in human identification. 
For SA law enforcement officials, the SA racial groups act as a proxy for skin pigmentation 
which provides a basis for criminal investigation purposes such as generating suspect leads, 
narrowing suspect pools and assisting with victim identification (Dissel and Kollapen 2002). 
Therefore, questions are raised as to the direct applicability of using MI as a skin 
pigmentation proxy for the SA state services.  
In order to maximise the relevance of the results in this study to SAPS and SA judiciary, one 
suggestion is to create a visual representation of the MI scale so that the MI readings can be 
visually interpreted and understood in layman’s terms by the officials. The visual 
representation of the MI scale would be utilised to compare to an assessment of an 
individual’s skin colour by eyewitness or law enforcement records.  This scale may also be 
beneficial for facial reconstruction artists to incorporate skin colour into images, as in SA, 
facial images are currently produced in grayscale to avoid the assumption of skin colour and 
race (Russell et al. 2006). However, it is important to be aware of the potential disjoint 
between visual appearance and measured skin colour, which is a complex aspect for 
molecular phenotyping. Despite this scientific and social value, the SA judicial system tends 
to default to racial stigmatisation mainly due to the prejudicial racial history of SA and the 
formation of classification categories (Braun 2006; Bickford-Smith 1995; Garvett 2017). As 
34 
 
such, the logistics of actively using MI instead of racial groups will need to be debated 
between legislators and the criminal justice system. Overall, the intention for using MI as a 
variable for skin pigmentation is to shift the approach away from integrating race into 
forensic genetic research in the hopes of eliminating racial stigmatisation in the SA criminal 
justice system (Duster 2006; Ossorio 2006).  
4.2.2 MI versus ancestral groups 
In addition to the MI comparison between the SA population groups, the MI measurements 
were also compared between the different ancestral groups (Figure 3.4). A similar trend was 
observed in which the MI differences were significantly different between ancestral groups (p 
< 0.0001) but overlapping MI ranges were also observed (Figure 3.4). These results suggest 
that the ancestral groups were also not a suitable proxy for MI. Parra, Kittles and Shriver 
(2004) reported that the correlation between ancestry and skin pigmentation was mutable, 
emphasising the need to be cautious when utilising skin pigmentation as an ancestral proxy as 
well as extrapolating genotype-phenotype data from one admixed population to another 
(Parra, Kittles, and Shriver 2004).  
As previously mentioned, the ancestry of an individual refers to either the geographical origin 
of a population or the line of heritage or descent of a group (Ali-Khan et al. 2011). A similar 
view of ancestry is BGA, which is used to describe an individual’s origin based on the 
geographical location(s) of their predecessors deduced by comparison with the current 
populations residing in these locations (Royal et al. 2010; Shriver et al. 2003; Phillips 2015).   
Based on this definition, an individual’s ancestry is not defined by their phenotypic traits; 
hence, identifying an individual solely based on ancestral origin, particularly in SA, remains 
questionable (Cho and Sankar 2004). The phenotypic prediction based on ancestry inference 
is problematic because one has to assume an individual’s appearance based on a stereotype of 
what individuals generally resemble from a certain region. This approach poses many ethical 
and social concerns as discussed by Kayser (2015).  
The major concern with using ancestry as a variable for skin colour prediction is that 
admixed populations consists of different ancestry proportions and, thus are unable to predict 
skin colour for individuals belonging to this population (Valenzuela et al. 2010). 
Furthermore, another concern is that it might be unclear as to an individual’s appearance 
based on their mixed ancestral background or even if their ancestry proportions are unknown. 
These challenges are exacerbated in SA, due to the presence of the highly diverse mixed 
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ancestral populations as well as the extensive skin colour variations exhibited by the SA 
population census groups (Maroñas et al. 2014). Even within population groups, there are 
different ethno-linguistic groups, which are often partly geographically isolated. For example, 
the African Black population group typically represent the indigenous black South Africans, 
mainly the Bantu-speaking communities, with different ethno-linguistic groups such as 
Nguni, Shangaan-Tsonga, Sotho-Tswana, and Venda, who are typically clustered in certain 
provinces within the country (Gradin 2015).  
The SAC are a unique admixed population that is native to southern Africa which comprises 
of mixed ancestries from African (predominantly Khoesan), European and Asian descent (de 
Wit et al. 2010) rendering it a biologically heterogenous group with variable and complex 
admixture. Tishkoff et al. (2009) reported that the highest level of mixed ancestry was 
observed within the SAC population (Tishkoff et al. 2009).  Therefore, skin pigmentation 
variability among African populations is underappreciated and extremely complex with the 
genetic architecture varying by latitude (Quillen et al. 2019). For example, there are marked 
differences in skin pigmentation between the Bantu derived and Khoesan populations (non-
Bantu) (Lasisi and Shriver 2018). The Khoesan population exhibit a lighter skin pigmentation 
compared to the majority of other African populations, especially the equatorial African 
regions, as reported by Martin et al. (2017).  
Furthermore, in the SA population, the White South Africans generally represent the 
European ancestries and are descendants from mainly the British, Dutch, Irish and German 
settlers who arrived at the Cape during the 17th century (Adams, Van de Vijver, and de Bruin 
2012). Lastly, the Indian/Asian population group usually comprise of individuals with 
ancestral origins from East and South Asia whose descendants migrated to SA in the 19th 
century (Adams et al. 2014). The natural variation of skin pigmentation in South Asia is 
extensive. A notable study by Stokowski et al. (2007) identified the AIMs of interest, 
SLC45A2 (rs16891982) and SLC24A5 (rs1426654), to show genome wide significance for 
association with skin pigmentation. The associations detected account for the majority of the 
skin pigmentation variation in the South Asian population. The study also reported a clear 
differentiation of skin-reflectance measurements between South Asian populations (southern 
and north-western regions) (Stokowski et al. 2007).  
Each SA population census group is comprised of diverse ancestral groups and, thus various 
ancestries could be present in individuals who typically self-identify as one of the SA 
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population census groups. However, it is important to note that the SA population census and 
ancestral groups were self-reported by the participants and, thus is entirely subjective. For 
some participants, their self-identified SA population census group did not align with the 
expected ancestry of the population group described above (Figure 3.1A + B). For example, 
some individuals who reported as Coloured also indicated that their ancestry was only 
African. The term “Coloured” as part of the SA population census groups, is utilised knowing 
many of the individuals are in fact genetically homozygous to one origin but were classified 
under this single racial label during Apartheid, which is still used currently in our democracy. 
This is exemplified by the Khoesan people whom under apartheid, were socially and 
bureaucratically classified as Coloured but are genetically derived from African descent.  
This alludes to the fact that the individuals in the cohort who self-reported as Coloured but 
are of African descent could be Khoesan. This result reiterates that the census groups and 
self-reported ancestries both have limitations in molecular phenotyping in a SA context and 
that distinguishing non-Europeans in SA is a forensic challenge. 
The use of MI overcomes some of the limitations associated with using ancestry for EVC 
prediction, because MI no longer relies on assumptions and stereotypes about what someone 
might look liked based on their ancestry. MI is an objective measure of skin colour 
represented by in a numerical and quantitative manner. This further motivates that MI should 
rather be a used as the variable for genotype-phenotype association for skin colour in 
molecular phenotyping, particularly in SA.   
4.3 Next generation sequencing (NGS) for molecular phenotyping 
As previously stated, a recent study by Chaitanya et al. (2018) developed the HIrisPlex-S 
system which was the first forensically validated tool for skin pigmentation prediction and 
simultaneous hair, eye and skin colour prediction from DNA (Chaitanya et al. 2018). The 
genetic data was generated from two forensically validated multiplex SNaPshot® assays and 
the phenotypic prediction was based on statistical models (Chaitanya et al. 2018). A similar 
approach was undertaken in our study in which SNaPshot® genotyping for only two SNPs 
namely, SLC45A2 (rs16891982) and SLC24A5 (rs1426654) was performed and a skin colour 
prediction model was generated (Figure 3.6 and Table 3.3).  
The limitations associated with SNaPshot® and capillary electrophoresis technology as 
discussed by Sobiah et al. (2018) has prompted the need to transition towards targeted NGS 
solutions expanding the knowledge on EVCs and ancestry genetics (Sobiah et al. 2018). A 
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notable study by Breslin et al. (2019) presented NGS solutions for the HIrisPlex-S system by 
using NGS platforms to develop NGS-derived HIrisPlex-S assays (Breslin et al. 2019). These 
NGS assays were found to be extremely sensitive as simulated forensic casework samples, 
including low quantity touch-DNA and compromised DNA samples, generated good quality 
data. This study set the benchmark to further expand NGS-based molecular phenotyping by 
including additional SNPs for phenotypic predictions as well as AIMs for BGA inference 
(Breslin et al. 2019). Furthermore, the SNPs characteristics discussed by Phillips (2015) have 
allowed for the development of NGS-derived SNP panels for large scale DNA identification. 
Parsons et al. (2019) developed NGS strategies through utilising large multiplex SNP panels, 
containing tri-allelic SNPs and multiple micro-haplotype loci, for missing person’s cases at 
the International Commission on Missing Persons (ICMP) (Parsons et al. 2019). 
Essentially, NGS has revolutionised the approach towards the scientific development of 
molecular techniques for forensic application (Børsting and Morling 2015). Currently, the 
NGS technology is predominantly utilised in the biomedical fields; however, it has gained 
traction in the forensics field. NGS has obtained great advances in improving forensic genetic 
research through its high-throughput capabilities (Alvarez-Cubero et al. 2017).  The 
implementation of NGS in forensics has not only enhanced STR genotyping but also has 
played an influential role in the analysis of SNP markers for ancestral and phenotypic 
inferences (Yang, Xie, and Yan 2014; Seo et al. 2013). In forensics, there are two NGS 
platforms of interest, namely Ion TorrentTM PGMTM and MiSeq® FGxTM (Churchill et al. 
2015; Sobiah et al. 2018). Over the last few years, many kits for these NGS platforms have 
become commercially available especially kits relating to SNP markers for BGA inference 
and phenotypic prediction (Bruijns, Tiggelaar, and Gardeniers 2018).  Previously published 
articles (Apaga et al. 2017; Ambers et al. 2016; Warshauer et al. 2014) have comprehensively 
evaluated the use of these NGS-derived kits for forensic SNP analysis.  
4.4 Limitations and future work 
In this study, the cohort was recruited through convenience sampling which poses various 
limitations as the information gained from these samples lacked randomness and, thus 
introduced hidden bias into the cohort. The lack of random sampling of the cohort may not 
have been fully representative of the population of interest, as the participants were 
predominately recruited from UCT and its surrounding areas. Although the individuals 
recruited from these areas originate from diverse backgrounds, they represent individuals 
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with similar occupations and, thus are exposed to similar environments which could result in 
a skewed sample dataset.   
The recruitment process contained exclusion criteria for the cohort therefore individuals who 
were exposed to skin colour treatments such as tanning beds or synthetic colouration and 
individuals with pigment disorders were not included. These variables affect an individual’s 
skin pigmentation through altering the melanin production in the skin which leads to 
misleading MI readings.  These variables were not considered in the development of the 
GLM and, thus the model cannot be extrapolated to these contexts. The assessment of these 
markers for skin colour in a wider range of individuals, with diverse occupations and altered 
skin pigments needs to be explored in future work.  
The allele and genotype frequencies obtained from the cohort for each SNP were not in HWE 
(p < 0.0001; Appendix H). Typically, this could be considered as a limitation; however, in 
this study, this result is expected from the HWE test due to the admixed nature of the 
population. An admixed population does not demonstrate random mating, given that there 
was co-ancestry. Consequently, the co-ancestry disrupts linkage disequilibrium as it interferes 
with heterozygosity which causes the genotype ratios to be disproportional. This can be 
interpreted as an indication of selection or as an imbalance in the HWE test’s ability to 
constantly detect all genotypes.  
Another limitation of this study was that the experimental workflow was optimised using 50 
ng of DNA from each participant and this may pose difficulties in direct application to 
forensic casework. In forensic casework, the DNA yield and quantity varies (Van Oorschot 
and Jones 1997), but is usually less than 50 ng. While the amount of DNA was deemed 
appropriate for this study which aimed to develop a model and assess the suitability of DNA 
markers for MI prediction, it is currently limited in its applications to forensic casework 
samples. Therefore, future research needs to involve optimising this experimental workflow 
using compromised samples such as low template DNA samples, degraded DNA samples and 
mixed DNA samples (Budowle and Van Daal 2008). These assessments could then lead into 
a validation study, which would be required in a forensic context, to assess the workflow in 
terms of accuracy, precision, reproducibility and sensitivity (Børsting, Rockenbauer, and 
Morling 2009).  
Lastly, the model could be improved to increase the accuracy of MI prediction by including 
additional SNPs in the model, particularly SNPs that are relevant to different population and 
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ancestral groups. The focus should centre around examining SNPs in genes that play a role in 
the biochemical pathways for melanin synthesis (Branicki 2009). The genes that have been 
previously studied and should be reviewed include: OCA (Oculocutaneous albinism), MC1R 
(Melanocortin 1 receptor), KITLG (Kit ligand), TYR (Tyrosinase), HERC2 (HECT and RLD 
domain containing E3 ubiquitin protein ligase 2), SLC24A4 (Solute Carrier Family 24 
Member 4), ASIP (Agouti Signalling Protein) and TPCN2 (Two Pore Segment Channel 2) 
(Maroñas et al. 2014; Miller et al. 2007; Stokowski et al. 2007; Valenzuela et al. 2010; 
Spichenok et al. 2011).  
4.5 Conclusion  
This study, in conjunction with the study conducted by Slabbert (2017), was the first study in 
a SA context that researched the use of SNP analysis to predict skin pigmentation for 
forensics applications. Although the concepts and techniques for this research were 
established from previous literature (Slabbert 2017; Cerqueira et al. 2014), this study 
expanded on them and contributed by; (i) recruiting participants to create a statistically 
significant cohort; (ii) performing the SNaPshot® assay on a large cohort; and (iii) generating 
a GLM which was utilised to assess the SNP’s ability to accurately predict skin colour. This 
research investigated the objective assessment of skin colour based on MI as an alternative 
for the use of established racial categories which conveys prejudice in SA. The intent was to 
hopefully steer away from prejudicial racial classification and utilise a continuous and more 
objective variable which was deemed more appropriate and informative for forensic 
purposes, particular in a SA context.  
The aim of this study was achieved as the relationship between the two markers, SLC45A2 
(rs16891982) and SLC24A5 (rs1426654), and MI were successfully investigated in the SA 
population. The development of the GLM allowed for MI prediction from the genotype 
combinations of the two markers. The model was able to predict MI within the 95 % 
confidence interval of the recorded MI. This model can be improved in the future by 
including additional markers that are informative in admixed populations, and possibly by 
using a NGS approach. The use of this model was an innovative technique to predict a 
continuous MI scale. The results suggested that the aforementioned markers were 
consistently associated with MI in the highly admixed SA population.  
Together with an amendment to the SA legislation, the optimisation of the workflow for 
casework samples as well as validation needs to occur before this tool can be used as a 
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forensic tool. However, the results from such a tool should always be used in conjunction 
with additional evidence such as conventional DNA analysis and anthropological findings 
(i.e. age, appearance and ancestry). This study was fundamental in laying the foundation for 
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Appendix A: Sample estimation formula for SLC45A2 (rs16891982) and 
SLC24A5 (rs1426654) 
The sample size required for this study was calculated using the following sample size 
estimation formula (Naing, Winn, and Rusli 2006).   




n = sample 
p = anticipated proportion (reported SNP frequency)  
d = precision (0.05) 
Z = statistic for confidence level (95 %)  
SLC45A2 (rs16891982): 
The reported SNP frequency was 0.6403 (SNPedia.com, modified 5 December 2018). The 
suggested sample size required is 354 individuals.  
SLC24A5 (rs1426654): 
The reported SNP frequency was 0.2283 (SNPedia.com, modified 6 December 2018). The 
suggested sample size required is 271 individuals.  
Therefore, 354 individuals need to partake in this study in order to account for the sample 















Participant number: ___________ 
1. I confirm that I am South African and 18 years or older  
2. I confirm have read and understand the research information form for the above study 
and have had the opportunity to ask questions.  
3. I agree to participate in this study and understand that my participation is voluntary 
and that I am free to withdraw at any time, without giving any reason. 
4. I consent to:     
              (Tick the appropriate box) 
☐ The use of my DNA and information to be used for this study AS WELL AS my samples 
to be stored and used for ANY future research only if approved by the HREC. 
☐ The use of my DNA and information to be used for this study AND stored for the ONLY 
purpose of possible future continuation of this specific research only if approved by HREC.  
☐ The use of my DNA and information to be used ONLY for this study and to be destroyed 
after conclusion of this project. 
____________________________________ 
Printed Name of Subject 
_______________________________________  _________________________ 
Signature of Subject      Date 
________________________________________  _________________________ 
 
Participant consent form   
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Appendix C (continued) 
signature removed
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Appendix C (continued) 
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Appendix D: Research information and participant questionnaire form 
Project Title:             The assessment of molecular markers for skin colour in          
South Africans 
Affiliation:  Division of Forensic Medicine and Toxicology 
Faculty of Health Sciences 
University of Cape Town 
Researcher: Akshay Vanmali   (MPhil: Biomedical Forensic Science candidate) 
Supervisor:  Dr. Laura Heathfield    
Co-supervisor: Calvin Mole  
What is this research about? 
This project aims to investigate if certain DNA markers that have been associated with skin 
pigmentation internationally have significant discerning value within the South African 
population.  This will be achieved through the evaluation of molecular genotypes and 
Melanin Index (MI), which is an objective measurement correlating with skin colour, as well 
as determining if there is any correlation between the results and to self-reported ethnicity.   
Where does this research fit in? 
We know that very little of the genetic understand of race is meaningful or true. Someone’s 
self-identified racial category and ethnicity may have little to do with their external visible 
features. External characteristics; however, are closely and reliably connected to an 
individual’s genes. These characteristics include but are not limited to eye, skin and hair 
colour. This knowledge becomes useful when trying to identify individuals within the field of 
forensic science, whether it is an offender, victim or missing person. 
Research information and participant questionnaire 
65 
Current DNA identification practices rely on the comparison of DNA and, thus its use, as 
evidence is limited if there are no references samples available or no matches contained on 
the DNA database. This is where many criminal investigations may reach a dead end due to 
lack of witnesses or leads to investigate potential suspects. Even unidentified remains that can 
no longer be recognised become problematic when there is no identifiable way of connecting 
them with a missing individual. These circumstances have given rise to use DNA and its 
connection with external visible features as possible new investigative tool by means of 
appearance prediction.  This allows for the narrowing of suspect pools and provides visual 
characteristics that aid facial reconstruction of unknown remains.  
The use of this phenotypic prediction from DNA is becoming more common internationally 
and standardised kits are being made. However, South African is known for its diversity and 
this may complicate tests if international markers are not significant to our population. Since 
it is not guaranteed that what works overseas will apply here, South African specific research 
needs to be done.  
What do we require from you as a participant and how will we collect it? 
1. Questionnaire – We require participants to fill out an information questionnaire self-
reporting their ethnic background.
2. Melanin Index –MI will be measured at three hairless sites namely, the inner forearm,
the inner arm above the elbow and the forehead. This will be done using a DSM ΙΙ
ColorMeter (CyberDerm Inc., USA), and will be recorded on participant
questionnaire.
3. DNA sample - Buccal cells will be collected from each volunteer, via a saliva sample.
Saliva will be obtained through means of a 10 mL 0.9 % saline solution mouth rinse
collected in a 50 mL tube (labelled with participant number) and stored on ice until
processed. Volunteers will take these samples themselves under supervision.
Are there any risks? 
Minimal risk is associated to this procedure; however, the derma-spectrophotometer is a non-
invasive method of reading skin colour and lens will be sterilized between each measurement. 
Will information be confidential? 
66 
Yes, your personal information will be kept secure and private. Your consent form provides a 
unique participation number, which will be used to identify all your samples and data from 
that point forward and therefore no individual name will be linked to specific samples.  
Voluntary participation and withdrawal issues 
Participation is completely voluntary, and your allocated participation number will ensure 
tractability of your sample and information, and therefore if you wish to withdraw at any time 
stage of the project you may do so without providing a reason and your sample and any data 
relating to it will located and discarded.  A total of ~400 volunteers are required (300 
volunteers already recruited) for participation and recruitment will be carried out independent 
of race, but rather on ranging MI scores to allow a representation of the entire spectrum. 
Any questions? 
If you have any question or queries relating to the research and/or questionnaire and 
procedures, you are more than welcome ask or contact me at vmlaks001@myuct.ac.za. 
Participant reference number:  _____________ 
1. Sex ☐Male ☐ Female
2. Age ☐ 18 – 39 ☐ 40 – 60 ☐ 60+
3. Self-reported population group according to South African population census groups
☐African Black ☐Coloured ☐Indian/Asian ☐White
4. Ancestral origin (if known)
☐ European – N W S E
☐Africa – N W S E
Participant questionnaire  
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     ☐Asian – N W S E 
     ☐ Middle Eastern  
     ☐ Other     
           Specify: ______________________________ 
5. Your self-reported ethnicity (In reference to cultural self-identification) 
    ____________________________________________ 
6. Father’s ethnicity and/or ancestral origin  
  ____________________________________________ 
7. Mother’s ethnicity and/or ancestral origin 
  _______________________________________________ 
8. Parental (father’s side) grandparent’s ethnicity and/or ancestral origin 
    Grandfather: _____________________________ 
    Grandmother: ____________________________ 
9. Maternal (mother’s side) grandparent’s ethnicity and/or ancestral origin 
    Grandfather: _____________________________ 
    Grandmother: ____________________________ 
10. Recorded Melanin Index  
      Right inner forearm:                                        ____________             
      Right inner arm above elbow                          ____________   
      Left inner forearm:                                          ____________ 
      Left inner arm above elbow:                           ____________ 
     Calculated Mean:                                ____________ 




Appendix E: Summary statistics of the MI readings for SA population 













Appendix F: Statistical analysis of the MI distribution in SA population 


















1st Quartile Median 3rd Quartile         Range 
African 
Black 
52.48 57.41 64.27 36.93 – 86.19 
Coloured 37.45 41.60 44.40 30.00 – 60.41 
Indian/ 
Asian 
37.82 43.62 48.39 30.30 – 61.53 




1st Quartile Median 3rd Quartile         Range 
African  49.61 55.76 63.49 31.10 – 83.79 
Asian 38.27 43.45 49.14 30.30 – 61.53 
European 30.16 32.12 33.76 25.46 – 44.60 
Mixed 37.01 40.26 43.91 30.00 – 54.19 
Kruskal-Wallis one-way analysis of variance test 
Kruskal-Wallis chi-squared = 299.86  
df = 3 p-value < 2.2e-16 
Wilcoxon rank-sum test 




   
   
Coloured 
p < 1.32e-15 
- 
  
W=10118   
Indian/ 
Asian 
p < 1.32e-15 p = 0.25662 
- 
 
W = 7254 W = 1696  
White 
p < 1.32e-15 p < 1.32e-15 p < 1.32e-15 
- W = 16289 W = 8118.5 W = 6213 
Table F.1  Kruskal-Wallis and Wilcoxon rank-sum test(s) performed on the MI 
distribution for the SA population census groups. The p-values are adjusted 
according to the Bonferroni correction. 
Table E.2 Summary statistics of the MI readings taken from the ancestral groups 
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Appendix G: Molecular weight marker (Quick-load® Purple 50 bp DNA 
ladder) 













Kruskal-Wallis one-way analysis of variance test 
Kruskal-Wallis chi-squared = 260.9 
df = 4 p-value < 2.2e-16 
Wilcoxon rank-sum test 
 African  Asian European Mixed 
African  - 
   
   
Asian 
p < 1.1322e-12 
- 
  
W = 8215   
European 
p < 1.32e-15 p < 1.32e-15 
- 
 
W = 17962 W = 6658  
Mixed 
p < 1.32e-15 p < 0.03708 p < 2.844e-15 
- 
W = 6888 W = 1905 W = 488 
Table F.2 Kruskal-Wallis and Wilcoxon rank-sum test(s) performed on the MI 
distribution for the ancestral groups. The p-values are adjusted according to the 
Bonferroni correction. 
Figure G.1 Image of the MWM (Quick-load® Purple 50 bp DNA ladder, New England 
BioLabs, Ipswich, USA) that was used on the agarose gels as a reference with its different sizes 




Appendix H: Genotype combinations for SLC45A2 (rs16891982) and 













AA GA GG 
CC 28 61 144 233 
GC 25 13 8 46 
GG 95 15 0 110 
Total 148 89 152 389 
Pearson’s Chi-Squared Test 
X2 = 197.32 df = 4 p-value < 2.2e-16 
Table H.1 Genotype combinations for SLC45A2 (rs16891982) 
and SLC24A5 (rs1426554) within the cohort and the Chi-
Squared test for HWE 
 
